. In each of these cases, well-known protein reactivity profiles. This optimal probe set was inhibitors and/or affinity labels were exploited to direct applied to discover several enzyme activities differenprobe reactivity toward a specific class of enzyme. Howtially expressed in lean and obese (ob/ob) mice. Interever, many enzyme families lack cognate affinity labels/ estingly, one of these enzymes, hydroxypyruvate reinhibitors and are therefore less straightforward to adductase, which was 6-fold upregulated in ob/ob livers, dress by ABPP. participates in the conversion of serine to glucose, To expand the scope of ABPP, a nondirected (combisuggesting that this unusual metabolic pathway may contribute to gluconeogenesis selectively in states of natorial) version of this method has been advanced that obesity.
Introduction with a small library of probes bearing a sulfonate ester (SE) electrophile that was found to label more than six In the postgenomic era, researchers are charged with mechanistically distinct enzyme classes in an active the task of assigning molecular and cellular functions site-directed manner [19] [20] [21] . Still, a drawback of these to thousands of newly predicted gene products. To adoriginal studies was the limited structural diversity of dress this daunting challenge, several strategies have the SE library, whose members were distinguished by been introduced for the global analysis of genes and simple alkyl/aryl groups, resulting in modest differences gene products (mRNA and proteins). Leading the way in their respective proteome reactivity profiles. We hyhave been genomic technologies, such as DNA microarpothesized that more structurally diverse libraries of rays [1], which exhibit exceptional throughput and effielectrophilic agents would contain activity-based probes ciency, permitting the comparative analysis of the entire for several additional enzyme classes. Here, we report complement of mRNA molecules in cell or tissue samples in a single experiment. However, genomic methods a streamlined route for the synthesis and evaluation do not account for a variety of posttranscriptional and of ABPP probes bearing an ␣-chloroacetamide (␣-CA) posttranslational events that regulate protein abunreactive group and a variable dipeptide binding group. dance and activity; therefore, complementary proteomic Importantly, we show that members of this dipeptide strategies are needed to directly characterize the funcprobe library can be differentiated prior to the labortional state of proteins in cells and tissues.
intensive step of target identification by bioinformatic Proteins present a more formidable analytical chalanalysis of their respective proteome reactivity profiles, lenge than mRNAs, as they are chemically heterogeenabling the selection of an "optimal probe set" that neous, lack general binding partners, and are nonampliwas applied to discover several enzyme activities differfiable [2]. Accordingly, no single strategy is suitable for entially expressed in lean and obese mice. Thus, a genthe simultaneous characterization of the expression and eral strategy is presented by which libraries of candidate function of all proteins. For example, commonly used activity-based probes can be pruned to a minimal numproteomic methods such as two-dimensional gel elecber of useful profiling agents, thereby increasing the trophoresis (2DE) encounter problems characterizing speed and efficiency of ABPP experiments without sacrificing the information content garnered in these investigations.
*Correspondence: cravatt@scripps.edu smaller subset of the library was then synthesized as trifunctional agents containing both Rh and biotin suba specific subset of enzymes in the proteome, (2) a reactive group (e.g., electrophile or photocrosslinker) stituents for protein detection and affinity purification, respectively [21, 25]. for covalent labeling of probe-bound enzymes, and (3) a reporter tag (e.g., fluorophore or biotin) for visualizaAn 18 member probe library was manually synthesized on solid phase using Rink amide MBHA resin and stantion and purification of probe-labeled enzymes ( Figure  1A ). Combinatorial strategies for probe design offer a dard Fmoc peptide coupling techniques ( Figure 1B ). This route was also compatible with automated peptide potentially powerful means to discover activity-based profiling tools for many enzymes in parallel [19] . The synthesis. For the Rh-tagged library, the first residue coupled to the beads was lysine, which, in the final step success of this nondirected approach for ABPP hinges on the generation of probe libraries of substantial strucwas reacted with an Rh-N-hydroxysuccinimidyl ester (Rh-NHS). Combinatorial residues R1 and R2 (Figure tural diversity and the optimization of efficient methods for screening these reagents with proteomic samples. 1A) were then incorporated into the probes, and the resulting dipeptide reagents were capped with chloroaWith these considerations in mind, we designed and synthesized a library of candidate ABPP probes bearing cetic anhydride and then subject to global deprotection/ cleavage upon treatment with 95% trifluoroacetic acid, an ␣-chloroacetamide (␣-CA) reactive group and a variable dipeptide binding group ( Figure 1A) .
Results and Discussion
2.5% water, and 2.5% triethylsilane (as a scavenger). Following solution coupling to Rh-NHS, the free probes The ␣-CA was selected as the library's reactive group for several reasons. First, this group is sterically small were purified by HPLC. Trifunctional probes were synthesized by coupling a biotin-modified lysine to the resin and therefore should not, as a conserved element of the probe library, unduly influence noncovalent probeprior to the lysine, R1, and R2 residues, and the synthesis was completed as described above. To test this notion, the probe reactivity profiles of ‫52ف‬ proteins were quantified by in-gel fluorescence scanning and individually normalized to the probe that showed the strongest labeling intensity. These profiles, which represented a 19 probe ϫ 25 protein matrix, proved too complex to mine by visual inspection for underlying trends. However, bioinformatic analysis using hierarchical clustering analysis [30] revealed that the probes could be classified into at least five discrete subgroups based on shared proteome reactivity profiles ( Figure 4A ). Common structural features were observed among members of most subgroups that presumably accounted for their similar protein labeling patterns. For example, positively and negatively charged probes segregated into two distinct classes, whereas hydrophobic probes formed a third set which further branched into two subtypes. In contrast to these groups of probes, which each contained multiple members with largely overlapping proteome labeling patterns, the Pro-Leu charged], Leu-Asp [negatively charged], Pro-Leu, and Ph-SE) that was anticipated to provide ‫%09ف‬ coverage of the proteins targeted by the entire probe library (Fig-(1 mM) (Figure 3B) . Similarly, probe labeling of ADD, ure 4B). We next set out to apply this optimal probe set which is a zinc metalloenzyme [27] , was attenuated by to profile a model of human disease. the addition of either ZnCl 2 (1 mM) or the thiol-reactive reagent iodoacetamide (1 mM) (Figure 3C ), indicating that probe modification may occur on one of the enApplication of the Optimal Probe Set to a Mouse Model of Obesity and Type II Diabetes zyme's conserved zinc-chelating cysteine residues, which have previously been found to react with electroGiven the rich diversity of proteins labeled by ␣-CA probes in the mouse liver (Figure 2) , we elected to comphilic inhibitors [28] . Finally, labeling of the Gly-Gly-␣-CA target tTG2 was found to be activated by calcium and pare the profiles of this tissue isolated from wild-type (wt) mice and mice lacking the leptin gene (ob/ob mice). inhibited by GTP (Figure 3D) , accurately reflecting the known effects of these regulatory molecules on tTG2
The ob/ob mice exhibit extreme obesity, insulin resistance, and elevated gluconeogenesis and constitute a catalytic activity [29] . Collectively, these data indicate that members of the ␣-CA probe library modify the active widely used model of type II diabetes [31, 32] . In addition, liver proteomes from lean (wt) and obese (ob/ob) sites of their target enzymes. mice have recently been compared by 2DE [33] , thus allowing a direct comparison of the results obtained Bioinformatic Analysis of the Proteome Reactivity Profiles of Dipeptide ␣-CA with "conventional" proteomics methods and ABPP. Along with the optimal probe set discussed above, we Probes-Identification of an Optimal Probe Set A major goal of nondirected ABPP is to identify within also analyzed wt and ob/ob livers with the serine hydrolase-directed probe fluorophosphonate-rhodamine a larger library of candidate probes a subset of reagents that can collectively profile the majority of targets la-(FP-rhodamine) [14] , which targets numerous esterases, lipases, and proteases [12, 34] . beled by the library as a whole. This "optimal probe set" could then be applied to screen proteomes with maximal Several differences in the enzyme activity profiles of wt and ob/ob livers were observed with the optimal efficiency and minimal sample consumption. We postu- A comparison of the results obtained by ABPP with demonstrate that HPR is a specific target of the LeuAsp-␣-CA probe that is highly upregulated in ob/ob liva previous 2DE study [33] revealed key similarities and differences. For example, multiple enzymes were identiers, suggesting that further study of the potential role of this enzyme in obesity is warranted. More generally, fied by both methods (e.g., ALDH-1, glutathione S-transferase [GST] YfYf) and, in these cases, remarkably simithe selective labeling of HPR by the Leu-Asp-␣-CA agent underscores the value of screening proteomes with lar estimates of differential expression were obtained (Table 1) . In contrast, several enzymes were identified structurally diverse sets of probes to uncover specific probe-enzyme interactions. by ABPP that were not observed in 2DE experiments, including targets of the FP probe liver carboxylesterase (LCE) and monoacylglycerol (MAG) lipase, which were Conclusion 10-and 4.5-fold upregulated in wt and ob/ob livers, respectively, and the Leu-Asp-␣-CA target hydroxypyruHere, we have described an integrated strategy for the design, synthesis, and analysis of libraries of structurally vate reductase (HPR), which exhibited approximately 6-fold greater labeling in ob/ob livers ( Figure 5C and diverse chemical probes for the functional profiling of enzymes in whole proteomes. Key to the implementation Table 1 ). Why this latter group of enzymes evaded detection by 2DE is unclear, but several explanations are of this nondirected method for ABPP was the selection of suitable binding group and reactive group elements possible, including comigration with abundant proteins and/or specific changes in activity, but not abundance.
for the probe library. For example, the variable dipeptide portion of the probe structure provided a synthetically Thus, ABPP of wt and ob/ob livers uncovered both known and novel markers of obesity. facile route toward a large diversity of protein binding elements. Likewise, the ␣-chloroacetamide (␣-CA) reac-MAG lipases and carboxylesterases have been suggested to play key roles in regulating glycerol ester metive group, consistent with the behavior of other moderately reactive carbon electrophiles [15, 19] , proved tabolism in vivo [35, 36] and, therefore, their altered expression in wt and ob/ob mice may contribute to the capable of labeling in an active site-directed manner several mechanistically unrelated enzyme classes, thereby severe differences in lipid homeostasis evident in these animals. In this regard, it is worth noting that these further expanding the scope of enzymes addressable by ABPP. In total, more than 10 different classes of enhydrolytic enzymes showed opposite expression patterns in wt and ob/ob livers, indicating that the gross zymes were identified as targets of the ␣-CA probe library, most of which were not labeled by previously up-or downregulation of lipases is not likely a cause or consequence of fatty liver syndrome. The upregulation described ABPP probes. A potential drawback to the utilization of probe librarof HPR in ob/ob livers was also intriguing, as this enzyme has been shown to participate in an unusual metabolic ies for ABPP is that, as these libraries increase in size, correspondingly greater quantities of proteome are repathway that converts serine to glucose [37, 38], which could contribute to the elevated gluconeogenic state of quired for analysis. For many proteomes of interest, such as tumor biopsies, limited amounts of material are ob/ob mice. To confirm that HPR was a specific target of the Leu-Asp-␣-CA probe, the cDNA for this enzyme available. Therefore strategies are needed to maximize the information content achieved in ABPP experiments was subcloned and transiently transfected into COS-7 cells. Strong probe labeling of a 35 kDa protein was while minimizing sample consumption. Toward this end, we demonstrated that bioinformatic analysis could be observed in HPR-transfected cells, but not in mocktransfected cells and this labeling event was heat sensiused to classify members of the ␣-CA probe library into subgroups based on shared proteome reactivity protive ( Figure 5D, upper gel) . Notably, the recombinant HPR enzyme, like native HPR from ob/ob livers, exhibfiles. Representative members of each of these subgroups could then be selected to form an "optimal probe ited a highly restricted probe labeling profile, only reacting with the Leu-Asp-␣-CA member of the optimal set" for biological studies. Importantly, this process for pruning probe libraries could be accomplished prior to probe set ( Figure 5D, lower gel) . Collectively, these data the labor-intensive steps of protein enrichment and on a global scale. Activity-based protein profiling identification. Considering further that the initial screen-(ABPP) offers a powerful means to visualize dynamics ing step was carried out using a handful of readily availin enzyme function in biological samples of high comable proteomes (e.g., mouse tissues), we speculate that plexity. However, the general and systematic applicathis time-and cost-effective approach could be applied tion of ABPP requires the advent of chemical probes to probe libraries of much greater size (e.g., 100-1000 that target a large diversity of enzyme classes in an probes).
active site-directed manner. Here, we have described Once having defined an optimal probe set, we applied an integrated platform for the design, synthesis, and these reagents to profile liver tissue from lean ( ized by LC/MS and carried on without further purification. For the scanned gel as a template as previously described [25] . Gel slices were washed 3 times with 50% methanol/50% water, then subjected initial library, highly nucleophilic residues such as Lys and Cys were not utilized to avoid possible reactions with the electrophilic chloto in-gel reduction, alkylation, and tryptic digestion. Tryptic peptides were analyzed by nanoLC-MS/MS and results searched against roacetyl group.
For trifunctional compounds, the first residue coupled on the resin public databases of mouse proteins. The proteomic profiles of trifunctional probes were generally quite similar to those of the correwas Fmoc-Lys(Biotin)-COOH (Novabiochem, 5 equivalents) using the same conditions as above, followed by Fmoc-Lys(Boc)-COOH, sponding rhodamine probes. However, the rhodamine probes, in general, displayed less background labeling and were therefore then R1 and R2 groups. The remainder of the synthesis was carried out as described above.
used 
